Recent XMM-Newton studies of X-ray variability in the hard states of black hole X-ray binaries (BHXRBs) imply that the variability is generated in the 'standard' opticallythick accretion disc that is responsible for the multicolour black-body emission. The variability originates in the disc as mass-accretion fluctuations and propagates through the disc to 'light up' inner disc regions, eventually modulating the power-law emission that is produced relatively centrally. Both the covariance spectra and time lags that cover the soft band strongly support this scenario.
INTRODUCTION
Variability on a broad range of time-scales, ranging from milliseconds to hours, is a well-known characteristic of black hole X-ray binaries (BHXRBs). The short-term variability (time-scales up to a few hundred seconds) is strongly dependent on the spectral state of the object, being particularly enhanced in the so-called hard state, with rms amplitudes up to ∼ 40 per cent of the average flux (Belloni et al. 2005 In the hard state, the X-ray emission is dominated by a hard power-law component (typically, Γ ∼ 1.4 -2.1) accompanied by weaker multi-colour black-body emission associated with the accretion disc, with kTin < 0.5 keV (Miller, Homan, & Miniutti 2006; Reis, Fabian, & Miller 2010) . While the source of black-body photons is strongly suspected to be the accretion disc, there is some controversy as to the origin and physical location of the power-law component, which could be produced by Compton scattering in a hot corona (Malzac & Belmont 2009 ), in a hot inner flow (Zdziarski et al. 1998 ) resulting from the evaporation of the inner radii of the accretion disc (thus truncating the disc, see e.g. Narayan & Yi 1994) , or at the base of the radio-emitting jet that is observed during this state (Markoff, Nowak, & Wilms 2005) . Notwithstanding the actual physical source of hard photons (i.e. E 2 keV), there is general agreement that the hard photon-emitting region must be relatively central, within tens of gravitational radii from the central object in the bright hard state.
Previously, most X-ray variability studies of the hard state were conducted using instruments with hard X-ray sensitivity, e.g. the Proportional Counter Array (PCA) on the Rossi X-ray Timing Explorer (RXTE), which limited the study of the variability to the hard, power-law component. Due to the anti-correlation of rms variability amplitude with spectral hardness as a source transitions to the disc-dominated soft state (e.g. Belloni et al. 2005 ), a picture arose where the disc itself was intrinsically stable and variability is generated in the power-law emitting region, usually envisioned as an unstable hot inner flow (Churazov, Gilfanov, & Revnivtsev 2001; Done, Gierliński, & Kubota 2007) .
However, recent work (Wilkinson & Uttley 2009; Uttley et al. 2011 ) has used the soft X-ray response and timing capability of the EPIC-pn instrument on board XMM-Newton to carry out the first spectral-timing studies of the disc in the hard state. This work has shown strong evidence, in the form of variability ('covariance') spectra and time-lags, that the disc is intrinsically variable, and that disc variations in fact precede (and likely drive) the power-law variations, at least on time-scales of seconds and longer. The role of the disc as the driver of variability can be explained by invoking the presence of mass-accretion rate fluctuations that originate in the disc at particular radii and propagate inwards. Such fluctuations vary at the local viscous time-scale corresponding to the radius where they are produced (Lyubarskii 1997; Kotov, Churazov, & Gilfanov 2001; Arévalo & Uttley 2006) . Because theṁ variations at inner radii are modulated by the outerṁ via a multiplicative process in the context of this model, variability is seen at all frequencies that correspond to the viscous time-scales of the radii generating the propagating signals. Once the perturbations reach the inner regions of the system, these modulate the power-law emission that accounts for most of the hard X-ray flux. A direct implication of this model is that the variations in power-law X-ray emission must be observed after the disc black-body variations with a time-delay scaling with the viscous traveltime between the radii where the fluctuations originate and the power-law emitting region.
So far, evidence for disc-driven variability has been seen in XMM-Newton EPIC-pn observations of three hard state sources: GX 339-4, Cyg X-1 and SWIFT J1753.5-0127 (Uttley et al. 2011) . These data were obtained during relatively long-lived hard states at moderate luminosities, around 1 per cent of the Eddington limit (with some uncertainty given the uncertain distances to GX 339-4 and SWIFT J1753.5-0127 as well as some uncertainty on their masses). More luminous hard states, corresponding to outburst rises or 'failed' state transitions, have previously not been studied with detailed spectral-timing into the soft Xray band, but could contain important information about changes in the disc variability as the accretion rate increases and the disc emission strengthens. In this paper, we carry out the first detailed spectral-timing study of a luminous hard state of SWIFT J1753.5-0127, a transient black hole candidate which was discovered on 2005 May 30 (Palmer et al. 2005) . Its ∼ 3.2 hr period derived from optical lightcurves (Zurita et al. 2008; Durant et al. 2009 ) makes it the BHXRB with the second-shortest period known to date (Kuulkers et al. 2012) . Since the start of the outburst, it has undergone a transition to and from the hard-intermediate state. It has never completed the outburst cycle toward softer states nor has it gone into quiescence. The long-term Swift/BAT lightcurve of SWIFT J1753.5-0127 is shown in Figure 1 and shows the epochs of the two XMM-Newton EPIC-pn observations. The first, obtained early in 2006, corresponds to a relatively faint hard state and shows clear evidence for disc-driven variability (Wilkinson & Uttley 2009; Uttley et al. 2011) . The second observation was triggered by us in response to a brightening of the hard state in September 2009, and enables a comparison of a more luminous hard state with the lower-luminosity states studied to date.
In Section 2 we describe our data reduction, and in Section 3 we carry out a detailed spectral-timing study of the 2009 data and compare our results with the 2006 observation. In Section 4 we summarise our key results and interpret them in terms of the disc fluctuation model which can explain the data obtained at lower luminosities.
DATA REDUCTION
SWIFT J1753.5-0127 was observed with XMM-Newton on 2009 September 29 (ObsID 0605610301) and is shown as Obs #2 on Fig. 1 , together with the 2006 observation (Obs #1, ObsID 0311590901) that we use later for comparison. We have extracted the data from the EPIC-pn camera in Timing Mode (Kuster et al. 2002) The tool evselect was used to extract the spectrum and the response files were extracted with rmfgen and arfgen. Power spectra, cross-coherences, phase-and timelags were extracted using data within the GTI intervals following Nowak et al. (1999) and Vaughan & Nowak (1997) . We use a time bin of 0.005965 s and segment size of 16384 and 4096 bins/segment (for the 2006 and 2009 observations, respectively).
We omit any segments with gaps between successive events longer than 0.1 s. These gaps are likely to be due to telemetry drop-outs that are not always included in the GTI files. Covariance (Wilkinson & Uttley 2009 ) and rms spectra (Revnivtsev, Gilfanov, & Churazov 1999) as well as the energy-dependent phase-and time-lags were also extracted for different frequency ranges as discussed in Section 3.3.
Given the Fourier transform of the signal in the i-th energy channel (or energy band) Si(ν l ), the cross-spectrum between two bands 1 and 2 is defined as:
where the averages are performed over a number of independent segments and frequency bins m. Energy-dependent products such as phase-and time-lags as well as covariance spectra can be obtained from the above quantity by defining a reference band for each channel/band Sī(ν l ) = i =i S i (ν l ). In reality, the reference band can be fine-tuned to incorporate a given set of channels (e.g. a soft or a hard band), as we will show in the Results section. With this definition, the cross-spectrum for the i-th channel becomes:
The energy-dependent phase-lag is then given by φi(ν l ) = arg Ci(ν l ) and its time-lag is τi(
The covariance spectrum in the frequency range ν l 1 to ν l 2 can be defined as (Wilkinson 2011) :
where ∆ν l is the width of the l-th frequency bin and Bi(ν l ) denotes the bias caused by the contribution of Poisson power Ni, which is subtracted from the noiseless modulus-squared value of the cross-spectrum (see e.g. Vaughan & Nowak 1997) :
The spectral analysis was performed in ISIS 1.6.2-1 (Houck & Denicola 2000), using a spectrum where a minimum of 3 channels per bin are grouped together, after The ∆χ 2 and ratio residuals are shown in the lower panels. The disc black-body component is shown in blue (absorbed is shown dash-dotted, unabsorbed is shown dashed), whereas the Comptonisation component is depicted in green (absorbed is shown dash-dot-dotted, unabsorbed is shown dashed). The spectrum below 0.7 keV (left side of the vertical line) is shown but not used for the fit.
adding 1% systematic error to account for instrumental uncertainties in the calibration of the instrument (Wilkinson & Uttley 2009 ).
SPECTRAL-TIMING ANALYSIS AND RESULTS

Spectral analysis
We first apply a simple phenomenological model to the energy spectrum in order to understand qualitatively the contributions of the key continuum components, which will inform our choice of energy-bands for spectral-timing analysis. A cursory examination of the unfolded spectrum reveals a clear soft X-ray excess above the usual power-law emission, consistent with a stronger disc black-body component than is seen at lower luminosities in the hard state. Therefore we consider a model consisting of a multi-colour disc blackbody emission component plus a thermal-Comptonisation component (nthcomp, hereinafter the 'power-law' component given the similarity in shape at the hard energies), both absorbed by neutral Galactic absorption with the model tbnew 1 ( dances in Wilms, Allen, & McCray (2000) and the crosssections in Verner et al. (1996) . In ISIS, the model corresponds to tbnew(1)*(diskbb(1)+nthcomp(1)). In addition, we fix the neutral hydrogen column density NH value to 0.194 × 10 22 cm −2 (Wilkinson & Uttley 2009 ) and the thermal-Comptonisation electron temperature kTe to 53 keV (Reynolds et al. 2010) . The seed photon temperature for Comptonisation is tied to the disc black-body inner disc temperature. The model is fitted only to the 0.7-10 keV energy range, following the recommendations of the EPIC Consortium not to consider the data below 0.6 keV (Guainazzi 2011 ), however we plot the entire useful energy range covered by the data for completeness and to show clearly the predicted disc contribution.
The best-fitting parameters for the model are shown in the first column of Table 1 and the spectrum together with the best-fitting model is shown in Figure 2 . Although the fitting procedure yields a high χ 2 /d.o.f. ∼ 2.6 (possibly because of underestimated instrumental systematic errors), our aim is not to provide an accurate spectral fit but rather to understand what emission components are the fundamental spectral sources of photons. Therefore, we do not include the non-primary spectral components in the fit, such as the disc reflection component.
We use the same model to re-fit the EPIC-pn spectrum of the 2006 hard-state observation presented in Miller, Homan, & Miniutti (2006) and Wilkinson & Uttley (2009) , which we will later use for a comparison with the 2009 data. The fitted parameters are shown in Table 1 and the model fit is plotted in Fig. 3 . In this case we find a harder powerlaw (Γ = 1.620 ± 0.005) and a much weaker disc black-body component with a lower temperature (kTin = 0.212 +0.020 −0.018 ) and normalisation only ∼ 3 percent of the value from 2009. (1)) fitted over the range 0.7 -10.0 keV. The disc black-body normalisation N dbb is in units of [(r in /km)/(D/10kpc)] 2 cos θ (where r in is the 'apparent' disc inner radius that is also dependent on the inclination θ of the disc, see Kubota et al. (1998) 
2009 data: frequency-dependent spectral-timing properties
The presence of both a disc black-body component and a Comptonisation component that dominate different energy bands covered by EPIC-pn, as seen in Figure 2 , suggests that the variability properties of the source may differ where the photon flux is dominated by either the disc black-body or the power-law components. Hence it is convenient to extract light curves for the energy ranges 0.3 -0.6 keV, 0.6 -1.0 keV, 2.5 -4.0 keV and 4.0 -10.0 keV, hereinafter ultrasoft, soft, intermediate and hard bands, respectively. For completeness we also extracted data from the the 1.0 -2.5 keV band, although since this band shows no unique properties compared to the other bands, we do not show it in our later spectral-timing results, but we do include it in showing the energy-dependent power-spectral densities (PSDs), which are shown in Fig 
Amplitude of variability
The power spectral densities in Fig. 4 show evidence for two broad noise components, peaking at ∼ 0.4 and ∼ 2 Hz (hereinafter, the 'low-frequency' and 'high-frequency' peaks respectively). The relative amplitude between the two peaks changes, depending on the energy band considered. At the soft and ultrasoft energies where the disc black-body emission dominates, the low-frequency peak shows a larger peak-amplitude of variability than the high-frequency peak. Conversely, for the power-law-dominated intermediate and hard energies the high-frequency peak-amplitude becomes stronger with respect to the low-frequency peak and is consistent between the two bands, while the 1.0 -2.5 keV band shows an intermediate behaviour between the softer and the higher-energy bands. Besides the energy-dependence of the PSD shape, there is also a clear change in normalisation, with the ultrasoft band showing the weakest variability at all frequencies, followed by the soft band and then the higherenergy bands. This behaviour contrasts with that seen in the 2006 data by Wilkinson & Uttley (2009) , where the softer 0.5-1 keV band showed larger-amplitude variability than the 2-10 keV band at low frequencies.
Coherence and frequency-dependent spectra
The coherence is an indicator of the degree of linear correlation between variations in the emission in two different bands (Vaughan & Nowak 1997 ) at a particular frequency.
Full coherence (when the coherence equals unity at the given frequency) is reached when the variations in emission in one band can be reconstructed linearly from the variations in emission in the other band. The upper panels in Fig. 5 show the coherence computed for all possible combinations of the above bands. For all plots in the figure (including time-and phase-lags), the left panels show the frequency-dependent products computed between the pair of bands that cover the disc black-body region or the pair of bands which cover the power-law region, i.e. the disc vs. disc behaviour and the power-law vs. power-law behaviour. The remaining panels show the same products made from intercombinations of the disc and power-law bands, combining the intermediate and hard bands (middle and right panels, respectively) together with the ultrasoft and soft bands that are dominated by the disc black-body emission.
In a simple case where all of the emission in one spectral component varies linearly together at all energies, the coherence between the observed emission in two bands where that component dominates should approach unity. This is similar to the case observed with the coherence between the intermediate and hard bands that sample the power-law (C.i), as well as between the intermediate (C.ii) and hard bands (C.iii) with respect to the soft band, up to ∼ 0.6 Hz. This frequency roughly corresponds to the point where the low and high-frequency peaks in the PSD intersect (Fig. 4) . The coherence deviates slightly from unity for frequencies below ∼ 0.1 Hz between the hard and soft bands.
A very different behaviour is observed between the ultrasoft and the soft, intermediate and hard bands. In this case, unity coherence is reached at ∼ 0.6 Hz, and decreases towards both lower and higher frequencies, reaching values of ∼ 0.5 in some cases. Interestingly, the ultrasoft variations at low frequencies are just as incoherent with the soft variations as they are with the hard or intermediate variations. Thus, at low frequencies, while the variations in the two power-law bands are coherent with each other, a significant fraction of the variations in the two disc bands are incoherent with each other.
Time and phase lags
Previous observations of time-lags in the hard state show that they roughly follow a frequency-dependence τ (ν) ∝ ν −0.7 (Miyamoto & Kitamoto 1989; Miyamoto et al. 1992; Crary et al. 1998; Nowak et al. 1999) , albeit with detectable 'steps' in the lag vs. frequency dependence where the data are good enough to discern them (Nowak et al. 1999) . For the observation that we are studying, the frequency dependence does clearly vary as a function of energy bands chosen. For lags between the two disc-dominated bands (ultrasoft and soft) or between the intermediate and hard power-law bands, a relatively small amplitude is seen with a weak and smooth evolution of phase lag with Fourier-frequency. However, the lags between power-law and disc bands show a much more pronounced change with a significant 'step' (most clearly visible in the phase lags) above 1 Hz. Thus the strongest evolution of lags with frequency occurs when comparing the lags between the power-law and disc bands, with the powerlaw lagging the disc variations, as seen in other observations of hard state BHXRBs (Uttley et al. 2011 ).
2009 data: energy-dependent lags and covariance spectra
Given the complex behaviour in the coherence and lags shown in Fig. 5 , we next pursue an energy-resolved analysis that can more clearly relate this behaviour to the different spectral components that contribute to the variability of the source.
We extract cross-spectra in the frequency ranges 0.04 -0.20 Hz, 0.2 -0.6 Hz, 0.6 -1.0 Hz and 1.0 -2.0 Hz (that correspond to each of the shaded regions in Fig. 5 ) that correspond to frequency ranges with comparable behaviour in terms of lags and coherence. The cross-spectra are computed between a broad, high signal-to-noise reference energy band, and each of 30 rebinned energy channels. Following Wilkinson & Uttley (2009) and Uttley et al. (2011) , the reference band light curve is determined separately for each channel since it must have the signal in the channel of interest subtracted in order to avoid correlated Poisson noise effects. In these previous works, the data were largely coherent at all frequencies, so the results were not sensitive to the choice of reference band. In the observation presented here, our spectral-timing products could vary with the choice of reference band, because the lags and covariance spectra are effectively weighted by the coherence of each channel with the reference band. Therefore, to account for any effects due to the choice of reference band, we make cross-spectra for two reference bands: 0.5 -2.5 keV and 3.1 -10.0 keV. Following Uttley et al. (2011) , we make energy-dependent lag and covariance spectra for each of these two bands, plotted as the left and right columns in Fig. 6 .
Lag-energy spectra
The time and phase-lag versus energy are shown in the top two sets of panels in Fig. 6 . Because the lag difference between two separate energy channels is relative to the choice of reference band, the offset on the y-axis is not meaningful in this case. The main consideration is the relative lag between channels, which is plotted here so that more positive values of lag are lagging smaller/more-negative values. We do not plot the time lags for the lowest-frequency range, since their large values would make it difficult to read the data for the other frequency ranges (these data can be seen in the phase lag plots, however).
The dependence of the lags on energy can be approximated as a 'broken' log-linear law, with a steeper slope below ∼ 1.0 keV and a flatter dependence above that energy. This turning point is close to the energy where the photon flux from the Comptonisation component overcomes the disc black-body photon flux (Fig. 2) . In the frequency range 0.2 -0.6 Hz, the lag between the power-law and disc components reaches values up to ∼ 0.2 s, reaching values close to zero as the frequency increases. This behaviour was also shown in Uttley et al. (2011) and is consistent with the disc variations leading (and probably driving) the power-law variations on time-scales of seconds. At frequencies of 1 -2 Hz, the lowenergy down-turn in lags is replaced by a small up-turn, also similar to what was observed for other observations of BHXRBs at similar frequencies (Uttley et al. 2011 ). However, it is interesting to note that in this frequency range, the log-linear shape appears also to break downwards at around 2 keV (this behaviour is seen most clearly in the phase lag plot), suggesting that there is a composite shape, perhaps consisting of leading higher-energy disc emission together with lagging lower-energy disc emission. It should be noted that the general behaviour in the lags is replicated using both choices of reference band, albeit with small differences between them.
Covariance spectra
In addition to the causal information shown above, we extract covariance spectra from the cross-spectra (Wilkinson & Uttley 2009; Uttley et al. 2011 ) in order to quantify, as a function of energy, the amplitude of variable emission that is linearly-correlated with the reference band of choice (see Section 2). The covariance spectrum depends on the coherence between the reference band of choice and each energy channel. In the limit where the coherence is unity, the covariance spectrum is equal to the rms spectrum (e.g. Revnivtsev, Gilfanov, & Churazov 1999) , although with considerably smaller error-bars due to the effect of the broad reference band acting as a matched filter on the flux variations in individual channels. The panels in the third row of Fig. 6 show the corresponding covariance spectra divided by the mean spectrum, which enables us to estimate the contribution of each component to the overall variability, analogous to the fractional rms spectrum. For energies above ∼ 2 keV, the fractional covariance spectra show a roughly power-law slope that becomes harder for increasing frequencies. At the lowest frequencies, the power-law slope is softer than the mean, while it reaches the slope of the average spectrum at the highest frequencies, 1.0 -2.0 Hz. This effect is mild if only the first three frequency ranges are considered, and becomes more obvious for the 1.0 -2.0 Hz range.
Such an effect can also be seen in the lowest panels of Fig. 6 , by computing the ratio between the covariance in the frequency bands 0.04 -0.20 Hz, 0.6 -1.0 Hz and 1.0 -2.0 Hz and the covariance in the range 0.2 -0.6 Hz. In this case, the variation in power-law slope is plotted independently of any constant component, which would not contribute to the covariance spectra used to normalise the data. Thus the effect cannot be due to any simple change in the ratio of a variable to constant spectral component which have different spectral slopes. Instead, the hardening of the power-law variations at higher frequencies is intrinsic to the variable power-law itself. Similar behaviour has been seen in frequency-dependent rms spectra of hard state BHXRBs obtained from RXTE data (e.g. Revnivtsev, Gilfanov, & Churazov 1999) .
At the disc-dominated energies (i.e. below ∼ 1 keV), the fractional covariance is up to a factor ∼ 5 weaker than at the power-law-dominated energies, suggesting that, although the disc variability is apparently driving the powerlaw variability (as seen in the causality argument provided with the lags above, and in Uttley et al. 2011) , the disc emission is less variable than the power-law emission.
In Fig. 5 we showed that the coherence clearly drops below unity at low frequencies in any of the combinations of energy bands studied where the ultrasoft band was considered. As in the previous cases shown above, this drop can be quantified in an energy-dependent manner by comparing the rms and covariance spectra. The fractional covariance spectra shown in Fig. 6 appear to flatten off at the lowest energies in the intermediate frequency bands, while in the lowest-frequency band (where coherence is low) it continues to drop. We can show that this effect is due to the low coherence of variations of the softest photons by comparing the fractional covariance spectra with the fractional rms spectra, shown in Fig. 7 . Where the fractional covariance and rms are the same, the coherence is consistent with unity. However, at low frequencies, the fractional covariance is clearly lower than the fractional rms below ∼ 0.5 keV, indicating sub-unity coherence at these energies, consistent with our findings from the frequency-dependent coherence.
On the other hand, above 0.5 keV the fractional rms and covariance are similar for the three lowest frequency ranges, indicating that the higher-energy part of the disc emission varies coherently with the power-law emission on time-scales longer than a second. However, as also expected from the frequency-dependent coherence measurements, the coherence of this soft-band emission with the higher energy emission also drops in the 1-2 Hz frequency bin. This drop manifests itself as a drop in fractional covariance compared to fractional rms, which is seen at low energies for the 3.1-10 keV reference band, and at high energies for the 0.5-2.0 keV reference band (since this band contains the disc emission).
Comparison with the spectral-timing properties in the 2006 hard state
The 2006 observation was obtained during a hard state that was a factor of ∼ 3.4 fainter than the 2009 observation, as seen in the Swift/BAT lightcurve (red arrow in Fig. 1 The power spectral densities for the 2006 observation are shown in Fig. 8 . In this observation, the data can be approximated by a power-law down to ∼ 0.04 Hz with a similar slope and amplitude for all energy ranges considered, as opposed to the much clearer energy dependence of the power amplitude of the two peaks observed in 2009, whose relative amplitudes also changed with energy. The lower-frequency peak in the PSD seen in 2006 is consistent with the correlation of PSD changes with spectral evolution seen in moderate to high luminosity hard states of other BHXRBs, with lower-frequency features seen when the spectrum is harder (e.g. Belloni et al. 2005 , also seen in Böck et al. 2011) .
In the 2009 observation, an important property of the coherence at frequencies below ∼ 0.6 Hz is a drop down to coherence values ∼ 0.5 for each combination of bands that involved the ultrasoft band. The corresponding coherence plot for 2006 (Fig. 9) shows a value much closer to unity down to the lowest-frequencies probed. Fig. 10 shows the energy-dependent lags and fractional covariance spectra for the 2006 data for the first two frequency-ranges (0.04 -0.20 Hz and 0.2 -0.6 Hz), using the reference band 0.5 -2.5 keV. The harder reference band gives consistent but noisier results (as expected, since the coherence is high at these frequencies). These plots show behaviour consistent with that previously reported for this observation by Wilkinson & Uttley (2009) and Uttley et al. (2011) . The lowest-frequency lags show the characteristic drop below 1 keV that can be associated with the disc driving the variability at harder energies, consistent with the behaviour also seen in 2009 (and implying that there is intrinsic disc variability in both observations). However, the covariance spectra show a 'soft excess' at the lowest frequencies, implying that there is extra disc variability relative to the power-law variations at these frequencies. This behaviour contrasts with that seen in 2009 where the disc variations at all frequencies appear to be suppressed when compared with the power-law variations.
The emissivity profiles
The spectral fits to the 2009 data show much stronger disc emission than is seen in 2006 (Table 1) . Although the inferred disc temperatures are relatively similar, the normalisations (which are proportional to the square of the inner disc radius) are very different.
Taken at face value, the disc black-body normalisation in 2009 implies an inner disc radius 5-6 times larger than that in 2006, which is at odds with the standard interpretation of the other phenomenological changes between the two data sets, which assumes that the disc becomes less truncated as PSD characteristic frequencies increase and the disc emission becomes stronger. However, to interpret changes in disc black-body normalisation in terms of changes in inner disc radius, we must assume in that both data sets the disc emissivity profile is the same. Since the X-ray luminosity in 2006 is dominated by the power-law emission, it is likely that much of the disc emission is produced by X-ray heating of the disc by the power-law, which could produce a much more centrally peaked (and apparently 'smaller') disc blackbody component (e.g. see Gierliński, Done, & Page 2008) . In 2009, the disc emission is comparable to or even exceeds that from the power-law and most of the emission is likely to be intrinsic to the disc, leading to a more 'standard' emissivity profile. Since the peak energy of the disc black-body emission is comparable to the low energy end of the spectrum included in the fit, distinguishing among different emissivity profiles from the spectral fits would be an arduous task. Systematic errors deriving from spectral calibration do not, however, impact on the variability analysis performed here.
Assuming that the disc emissivity profile in 2009 has the standard R −3 form (in terms of bolometric emission) and hence the disc temperature scales with radius as R −3/4 , we can consider the dependence of cumulative disc emission on radius. In their optical/UV-emitting regions, the temperature profiles of irradiated discs should be flatter than those of disks which are purely viscously heated, if the additional heating increases the scale-height of the disc (e.g. Vrtilek et al. 1990) or if the disc is significantly warped. However, the inner, soft X-ray emitting regions of discs considered in this paper are likely to be heated primarily by viscous heating, with, in the case of the 2006 data, an additional contribution from irradiation which is concentrated in the centre (i.e. assuming a compact corona). Outside this innermost region of intense irradiation, the discs are likely to have temperature profiles closer to those predicted from the viscous For comparison and allowing for the likely possibility of substantial disc-heating by the power-law in 2006, we fit the 2006 spectrum with a combined single black-body (representing a hot inner ring heated by the central power-law emission) and a standard disc black-body component. We force the disc black-body to have the same normalisation (i.e. the same assumed inner radius) as the disc in 2009 (note that due to degeneracy in the model the inner radius in 2006 may be even larger, as expected if the disc is more truncated). For this composite model the disc black-body temperature drops to 0.11 keV while the inner single blackbody temperature is high at 0.31 keV, but corresponds to only a small emitting area at the inner edge of the disc. The best-fitting model parameters give χ 2 /d.o.f.= 565/623, providing an even better fit to the data than the single disc black-body model. The resulting cumulative emission profiles are shown in Fig. 11 for the soft and ultrasoft energy bands (after allowing for the effects of the instrumental response on each band).
DISCUSSION
To summarise, our main observational findings are:
1. The 2009 XMM-Newton observation of SWIFT J1753.5-0127 took place when the source was in a significantly more luminous hard state (∼ 6 times more luminous in the 0.5-10.0 keV band) than in 2006. Correspondingly, the power-law spectral component is softer than in 2006, and importantly the soft excess associated with the disc black-body is significantly stronger. The inferred black-body temperature in 2009 is only marginally higher than in 2006, but the 2009 disc black-body normalisation is a factor ∼ 30 larger than in 2006. The larger inferred inner disc radius in 2009 conflicts with standard expectations for reduced disc truncation as the disc luminosity increases. However, the data can be reconciled with a non-changing or even a smaller inner radius in 2009, if the intrinsic disc temperature in 2006 is significantly lower than inferred from the single disc blackbody fit and there is additional blackbody emission from a hot inner ring, due to X-ray heating by the relatively stronger power-law in 2006.
2. The PSDs in 2009 are band-limited, and can be interpreted in terms of two broad frequency components which peak around 0.4 Hz and 2 Hz respectively.
3. The 2009 PSD shape and amplitude evolves with energy. The lowest-amplitude variability over all frequencies is seen in the softest 0.3-0.6 keV band, followed by the 0.6-1.0 keV band. The amplitude of the lowest-frequency component is largest in the 1.0-2.5 keV band before dropping slightly at higher energies, while the amplitude of the high frequency component increases with energy.
4. The covariance and rms spectra suggest that the energy-dependent PSD behaviour is linked to two effects. Firstly, there is a fall-off in fractional rms (seen in all frequency ranges) at low-energies where the disc black-body dominates the emission. Secondly, the variable power-law heating models, only flattening on larger scales where soft X-rays are not emitted. emission component becomes harder at higher temporal frequencies. Neither of these effects are seen in the 2006 data. In fact, in 2006 the opposite is seen at low energies, where the fractional rms increases in the energy range where the disc contributes to the spectrum.
5. Frequency-dependent lag measurements show that in general, the harder photons lag softer ones. Within the energy bands dominated by the power-law (2.5-4 keV and 4-10 keV) and the disc (0.3-0.6 keV and 0.6-1 keV) the lags are relatively short and the phase-lags evolve only smoothly and weakly (if at all) with frequency. However, the lags between power-law and disc bands are larger and show significant structure in the form of 'steps', with a significant increase in phase lag with frequency.
6. Lag-energy spectra show similar behaviour to that reported by us (Uttley et al. 2011) in other hard state observations of BHXRBs (including SWIFT J1753.5-0127 in 2006). The sharpest change in the lags is seen at low energies where the disc dominates the spectrum. The low-energy shape of the lag spectrum depends on the frequency probed: the highest frequencies show evidence for a shift in the break in the lag spectrum to higher energies, together with an upturn in the lowest energy bins (similar to that seen in GX 339-4, Uttley et al. 2011). 7. The coherence between the bands dominated by the power-law remains high over a broad frequency range. However, between the power-law and disc-dominated bands, and between the two disc-dominated bands, coherence drops significantly at frequencies below 0.5 Hz (where the softest disc band shows the least coherence with the other bands) as well as above 1 Hz (where both disc bands show low coherence with respect to the power-law bands). Comparison of the covariance and rms spectra confirm that low-frequency variations of the softest photons, below 0.5 keV, are only weakly correlated with variations at higher energies. In contrast, the 2006 data are relatively coherent at low frequencies.
The spectral-timing behaviour of SWIFT J1753.5-0127 in 2009 is complex but we will attempt to interpret it here in terms of the physical picture of mass-accretion rate fluctuations arising in and propagating through the accretion disc, suggested by Wilkinson & Uttley (2009) and Uttley et al. (2011) in order to explain the covariance and time-lag behaviour of hard state BHXRBs. Since we see similar lag behaviour in the SWIFT J1753.5-0127 2009 data, it is useful to understand whether this model can be extended to explore the more complex spectral-timing behaviour seen in this dataset. In doing so, we will focus primarily on explaining the differences between the spectral-timing properties of the 2009 data we present here and those from 2006 and observations of other BHXRBs reported in Wilkinson & Uttley (2009) and Uttley et al. (2011) . Comprehensive testing of the propagating fluctuations model against these data is beyond the scope of this work, so here we simply sketch how the key observational results might be explained by the model.
Implications from the propagating fluctuations model
The key feature of the propagating fluctuations model used to explain the soft X-ray behaviour of other hard state BHXRBs is that the disc plays an important role in generating and carrying the fluctuations (at least on fluctuation time-scales > 1 s). In Subsection 3.5 we assumed that the intrinsic disc emissivity profile is the same in both observations (∝ R −3/4 ). Under this scenario, we showed that the disc emission in 2006 may be explained if the overall disc emission in 2006 is the result of the extended emission with a 'standard' emissivity profile, plus a thermal emission component that is caused by significant heating of the disc by the illuminating power-law photons.
This additional inner-disc emission produces up to ∼ 75 per cent of the disc emission in the soft band (Fig. 11) . Due to the lower disc temperature and the relatively hot inner ring, the disc emission in 2006 is much more centrally concentrated than in 2009. Furthermore, the ultrasoft emission is significantly more extended across the disc than the soft emission.
We can use these differences to explain some of the interesting spectral-timing behaviour in the data. Note that the arguments that follow apply independently of the actual inner disc radius rin, since the emission profile in each band is set by the disc temperature at rin (which is set by the spectral fit results) and the relative change in radius.
First, let us consider the 2009 data and suppose that a fluctuation in the disc arises at a relative small radius R ∼ 1.5 rin, and modulates the disc emission as it propagates inwards. Since only ∼40 per cent of the ultrasoft flux is contained within this radius, the observed variability amplitude will be suppressed by a factor ∼ 2.5 compared to the amplitude of the intrinsic fluctuation. In contrast, the soft band fluctuation will be suppressed by only a factor ∼ 1.5, while the power-law emission, if it originates within the disc truncation radius, will not be suppressed at all. This simple picture can explain the energy dependence of the PSD amplitude in 2009 and the corresponding drop in rms and covariance spectra at low energies. In this scenario, the same behaviour may not seen in other hard-state XMM-Newton observations of BHXRBs or in the 2006 data because of two effects. Firstly, since the PSDs show lower characteristic frequencies in these other observations, the fluctuations in accretion rate may arise at a larger radius, so that a significantly larger fraction of the disc emission can be modulated. Secondly, as can be seen in the 2006 emission profile, the combination of X-ray heating of an inner ring with a cooler disc at larger radii will lead to more concentrated emission in both disc bands, so that all or most of the flux will be modulated by a fluctuation arising at R ∼ 1.5 rin or larger. Thus we do not see suppression of the PSD amplitude at soft X-ray energies.
Coherence and frequency-dependent spectra
We next consider the drop in coherence at low frequencies. The natural explanation for this behaviour is that there is some component of accretion fluctuations in the disc which are unable to propagate very far inwards and therefore appear as variations in the extended disc emission (in the ultrasoft band and to a lesser extent the soft band) but do not produce correlated variations in the power-law emission. One possibility is that these variations are generated at larger radii than the spectrally-coherent fluctuations, so that they are viscously damped before they are able to propagate to the innermost part of the disc. Again, we may see this effect in the 2009 data because of the strong intrinsic disc emission and extended emissivity profile. Disc emission variations driven by power-law heating of the disc will be much more coherent with the power-law variations. Furthermore, the lower-frequencies seen in the PSD of the 2006 data could imply that signals can effectively propagate from larger radii in the disc and thus modulate a significant fraction of the intrinsic disc emission coherently.
The higher-frequency drop in coherence corresponds roughly to the overlap between the low and high-frequency PSD components, and could be produced by a similar effect to that described above. For example, if the higher-frequency signal corresponds to a second, even smaller radius in the disc which generates propagating accretion fluctuations, the signals generated at the same frequencies at larger radii may not propagate effectively through the disc, again producing fluctuations that are not seen in the power-law component. It is important to note however that the relatively small radii which we suggest as the origin of fluctuations (e.g. within 1.5 rin) also imply that the power-law emitting region must be compact. Otherwise, seed photons from the varying regions in the disc would upscatter to produce variations of the power-law that are coherent with the disc variations. Similarly, we expect some component of disc emission to be produced by X-ray heating by the power-law and hence be coherent with the power-law variations. These components are likely to exist at some level in the variable X-ray signal, but they must be relatively weak, at least on the time-scales where the coherence is low.
Some level of interaction between the disc photon variations and the central power-law emitting region could potentially explain the observed hardening of the covariance and rms spectra at higher frequencies (and correspondingly, the peak in low-frequency power in the 1-2.5 keV energy range). The amplitude of soft-photon variations is largest in the low-frequency peak of the PSD. Compton cooling of the power-law emitting region by these soft photons could lead to a significant pivoting of the power-law in response to these variations, such that at low frequencies the fractional amplitude of power-law variations increases towards lower energies. This effect then has the converse implication that at high frequencies the variable power-law appears to harden.
Lags
Finally, we consider the lag behaviour. The relatively small lags and smooth dependence on frequency seen between the two power-law bands and also the two disc bands can be simply explained because here we are seeing the same spectral components. Fluctuations propagating through the disc will primarily modulate the ultrasoft emission first, but there is significant overlap between soft and ultrasoft emission across the disc, so we expect lags to be relatively small. The same is true for the power-law component -lags should be small between energies where the power-law component dominates. The largest lags are then expected between the disc and the power-law components, assuming that these are physically separated, i.e. the power-law emission primarily originates within the disc truncation radius.
We must still explain the clear structure in the lag vs. frequency dependence of the power-law relative to the discdominated bands, i.e. the apparent 'steps'. Similar steps can be seen in other hard state data from RXTE, but between power-law dominated energies (Nowak et al. 1999 ). In the SWIFT J1753.5-0127 2009 data, the effect is particularly strong: the time lags actually increase with frequency above ∼ 0.5 Hz before dropping above ∼ 1.5 Hz. Nowak (2000) and Kotov, Churazov, & Gilfanov (2001) have suggested that steps in lag vs. frequency could be related to the transition between two variability components, since the steps seem to occur in between the 'bumps' or broad Lorentzians in the PSD. If each component shows a different lag, one would expect a stepped lag vs. frequency dependence consisting of discrete lags with relatively weak lag vs. frequency dependence where a single component dominates the variability, but with sharp steps occuring in the transition region between components. This picture may fit with the SWIFT J1753.5-0127 2009 data, but the signal-to-noise is such that it is difficult to find a precise match between the step in the lag and the transition between the low and highfrequency components in the PSD (which seems to occur around 1 Hz). It is important to note however that the rise in the time lag seems to coincide with the frequency range where the coherence peaks around unity. Incoherent signals which are caused by a mixture of uncorrelated variable components will show lags which are a mixture of the lags of each separate component. Thus, the rise in lag could be explained if the component causing the low-frequency drop in coherence contributes a small lag, reducing the total observed lag, but at higher frequencies of ∼ 0.5 Hz this component disappears from the variable signal and the lag suddenly increases as a result. One possibility is that the incoherent fluctuations in the disc also modulate a small disc-corona component which is physically separate (and also spectrally distinct from) the inner power-law emitting region, which may be linked to a hot inner flow or the base of a jet. The interband lags of such a component would then be relatively small, and would give way to the larger lags (due to propagation effects) once the coherent signal becomes dominant. If the lags of the coherent signal themselves show a dependence on frequency, (e.g. a weak increase in phase lag with frequency as observed in other hard state BHXRBs) a complex pattern of rises and falls could be produced.
CONCLUSIONS
The soft X-ray coverage of the EPIC-pn camera onboard XMM-Newton has allowed us to carry out a comprehensive study of the spectral-timing properties of the BHXRB SWIFT J1753.5-0127 in the luminous 2009 hard state, and to perform a comparison with the fainter 2006 hard state.
In our previous study of a sample of hard-state BHXRBs (Uttley et al. 2011 ), we showed that (i) soft (disc) X-ray variations lead hard (power-law) variations up to frequencies of about 1 Hz, and (ii) at the same low frequencies, the fractional variability in the disc is larger than the variability observed in the power-law component. Massaccretion rate fluctuations that propagate through the disc would produce variability on frequencies corresponding to the viscous time-scale where they are generated, and eventually reach a centrally-concentrated source of power-law photons. This basic picture would both explain the hard-tosoft lags and give a reasonable explanation for the excess fractional variability seen in the disc as compared to the power-law.
The 2009 observation shows a breadth of previously unknown observational features, which we summarise as follows.
Firstly, the variability amplitudes in the PSD are strongly dependent on energy, with the harder band varying more than the softer bands. The explanation for this effect is seen in the fractional covariance spectrum, where the bright disc black-body component that is seen in the spectrum now appears suppressed in fractional-variability terms with respect to the power-law, at all frequencies considered. This is opposite to what was found in less-luminous hard states in Uttley et al. (2011) , where the disc was more variable than the power-law component. The higher luminosity (and thus, accretion rate) seen in this observation could imply that the disc emissivity in the observed bands is less centrally peaked than in less-luminous hard states. In this case, a fluctuation that is produced at an inner disc radius (e.g. within 1.5 rin)
will not modulate the emission from outer radii and this will effectively reduce the observed fractional variability of the disc as a whole. This is consistent with the shape of the energy-dependent lags.
Secondly, we have found that the low frequency ( 0.5 Hz) disc variability below < 0.6 keV appears partly uncorrelated with the rest of the emission produced by both the disc and power-law components. An explanation for this could exist if this incoherent accretion variability is produced at larger radii than the coherent variability, affecting the softest emission that is more extended while being unable to propagate to the innermost part of the disc and the power-law emitting region due to viscous damping.
Finally, the last feature to highlight is an up-turn in the frequency-resolved time lags above ∼ 0.5 Hz. This could be produced if, e.g. a relatively central secondary extended corona that sandwiches the disc -and thus reduces the observed hard-to-soft lags caused by disc propagation variations -becomes swamped by a coherent source of variations associated with the high-frequency peak in the PSD (perhaps an even smaller unstable radius in the disc).
By identifying a number of spectral-timing signatures with the accretion disc, this work suggests that a wealth of information regarding the properties of accretion flows can be discovered by extending spectral-timing measurements to softer X-rays and using techniques that allow better spectral-resolution. By combining these powerful techniques with more detailed modelling, a comprehensive understanding of the variability may help to unravel many of the mysteries underlying accretion physics and associated phenomena such as the nature of state transitions and the production of the jets seen in the hard states of accreting black holes.
